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Members of the Pax gene family encode highly conserved
transcription factors involved in organogenesis throughout
the animal kingdom (reviewed by Chi and Epstein 2002).
Based on sequence similarities, the homeobox-containing
Pax4 and Pax6 constitute a well-defined subgroup among
mammalian Pax genes.

Pax6 is known to be involved in eye morphogenesis
(reviewed by Ashery-Padan and Gruss 2001; Gehring 1998,
2005); the gene is widely expressed in the developing murine
eye (Walther and Gruss 1991) and is required for gross eye
development (Hill et al. 1991; Grindley et al. 1995). Pax6 has
been assigned several specific roles during early retinal
development, including proliferation of retinal cell progenitors
(Xu et al. 2007), maintenance of multipotent progenitor
potential (Marquardt et al. 2001) and regulation of timing of
differentiation and cell fate determination (Philips et al. 2005).

In addition to controlling development of the eye, Pax6 is
also involved in development of pancreatic a-cells (St-Onge
et al. 1997), whereas the related Pax4 gene is essential for
development of pancreatic b-cells (Sosa-Pineda et al. 1997).
Pax4 is highly expressed in pancreatic islets of the foetal

rodent (Smith et al. 1999; Wang et al. 2004), but is only
detectable at low levels in mature islets (Brun et al. 2004).
Interestingly, Pax4 is known to act as a transcriptional
repressor (Fujitani et al. 1999; Kalousová et al. 1999; Smith
et al. 1999), suppressing the expression of genes that are
otherwise activated by Pax6 in the pancreas (Campbell et al.
1999; Smith et al. 1999; Petersen et al. 2000; Ritz-Laser
et al. 2002).
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Abstract

Pax4 is a homeobox gene encoding Pax4, a transcription

factor that is essential for embryonic development of the

endocrine pancreas. In the pancreas, Pax4 counters the ef-

fects of the related transcription factor, Pax6, which is known

to be essential for eye morphogenesis. In this study, we have

discovered that Pax4 is strongly expressed in retinal photo-

receptors of the rat. Pax4 expression is not detectable in the

foetal eye; however, postnatal Pax4 transcript levels rapidly

increase. In contrast, Pax6 exhibits an inverse developmental

pattern of expression being more strongly expressed in the

foetal eye. Histological analysis revealed that Pax4 mRNA is

exclusively expressed in the retinal photoreceptors, whereas

Pax6 mRNA and protein are present in the inner nuclear layer

and in the ganglion cell layer of the mature retina. In the adult

retina, Pax4 transcripts exhibit a diurnal rhythm with maximal

levels occurring during the light period, whereas retinal Pax6

transcript levels do not change throughout the day. The daily

changes in Pax4 expression may contribute to daily changes

in function in the differentiated retinal photoreceptor.
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The current study on retinal Pax4 and Pax6 was stimulated
by the discovery that Pax4 is expressed in the pineal gland
(Rath et al. 2008) together with evidence that the pinealocyte
and the retinal photoreceptor evolved from a common
ancestral photoreceptor as indicated by ultrastructural simi-
larities (Collin 1971) and expression in both tissues of a set
of genes dedicated to phototransduction and melatonin
synthesis (reviewed by Klein 2004). Moreover, the molecular
identity of these cell types seems to be governed by a
common set of transcription factors, including members of
the orthodenticle family of homeobox genes, Otx2 and Crx
(Furukawa et al. 1999; Nishida et al. 2003; Rath et al. 2006,
2007), and Pax6 (Gehring 1998, 2005; Estivill-Torrús et al.
2001). The results of our studies reveal that Pax4 is
expressed in retina and that it exhibits an inverse spatial
and temporal relationship to Pax6, with marked differences
in the ontogenetic and 24-hour patterns of expression.

Materials and methods

Animals
For the developmental series, Sprague–Dawley rats were obtained

from timed-pregnant mothers (Charles River, Sulzfeld, Germany);

the animals were housed under a 12 : 12 light/dark schedule and

decapitated at zeitgeber time (ZT) 6. Eyeballs were fixed by

immersion in 4% paraformaldehyde in 0.1 M phosphate buffer (pH

7.4) and cryoprotected in 25% sucrose before freezing on crushed

solid CO2.

For the day-night radiochemical in situ hybridization experiments

and western blot analysis, adult male Sprague–Dawley rats (200–

300 g; Charles River) were housed under a 12 : 12 light/dark

schedule. Bilateral superior cervical ganglionectomy was performed

10 days prior to killing (Møller et al. 1997). Animals were

decapitated at ZT6 and ZT18; eyeballs or retinae and spinal cords

were removed immediately and frozen on crushed solid CO2. For

the quantitative real-time PCR (qRT-PCR) and northern blot

analysis, female Sprague–Dawley rats (150–200 g; Taconic Farms,

Germantown, NY, USA) were housed under a 14 : 10 light/dark

schedule and killed by decapitation at time points indicated in the

figures and figure legends. Retinae were immediately frozen on

crushed solid CO2 and stored at )80�C.
All experiments with animals were performed in accordance

with the guidelines of EU Directive 86/609/EEC (approved by the

Danish Council for Animal Experiments) and the National

Institutes of Health Guide for Care and Use of Laboratory

Animals.

Radiochemical in situ hybridization
Cryostat sections (12 lm, adult; 14 lm, developmental series) were

hybridized with 38-mer [35S]dATP-labelled DNA probes as previ-

ously described (Møller et al. 1997; Rath et al. 2006). For

hybridization, the following anti-sense probes as well as corre-

sponding sense control probes were used:

1 5¢-TCCAATCAGATGATGCACAGGATGGGTGGTGAGGCA-
GG-3¢, anti-sense, position 1053–1016 on rat Pax4 mRNA

(NM_031799)

2 5¢-GCATCCTTAGTTTATCATACATGCCGTCTGCGCCCATC-
3¢, anti-sense, position 605–568 on rat Pax6 mRNA (NM_

013001.2).

After hybridization and washing, the sections were exposed to an

X-ray film for 2 weeks and developed. Images on the X-ray film

were transferred to a computer by use of a CCD camera and

quantified (Image 1.42; Wayne Rasband, NIH, Bethesda, MD,

USA). Optical densities were converted to dpm/mg tissue by using

simultaneously exposed 14C-standards calibrated by comparison

with 35S-tissue paste standards. Sections were subsequently dipped

in a photographic emulsion (Amersham, Hillerød, Denmark) at

40�C and exposed for 3 weeks. After exposure, the autoradiographs

were developed in amidol and fixed in thiosulphate. The sections

were counter-stained in cresyl violet and photographed in a

microscope in both transmitted light and dark field mode.

Quantitative real-time PCR
Total RNA was isolated using a RiboPure RNA isolation kit

(Ambion, Austin, TX, USA) and total RNA was subject to DNase

treatment using TURBO DNA-free (Ambion). cDNA production

was performed following the Superscript II protocol (Invitrogen,

Carlsbad, CA, USA) using 1 lg of DNase-treated total RNA as

starting material. Experiments were performed using a LightCycler

2.0 (Roche Diagnostics, Indianapolis, IN, USA). Reactions (25 lL)
contained 0.5 lM primers, RT Real-Time SYBR Green master mix

(SuperArray Bioscience, Frederick, MD, USA) and cDNA accord-

ing to the manufacturer’s instructions. Primer sequences are given in

Table 1. Assays included an initial denaturation step at 95�C for

10 min, proceeded by 40 cycles of 95�C denaturation for 15 s, 30 s

annealing at 63�C then extension at 72�C for 30 s. Product

specificity was confirmed by agarose gel electrophoresis of the

amplified products and thereafter during every qRT-PCR run by

melting curve analysis. Transcript number was determined using

internal standards; these were prepared by cloning the target PCR

products into pGEM-T Easy vectors (Promega, Madison, WI, USA).

Clone verification was performed by direct sequence analysis. For

each experiment, a set of 100-fold serial dilutions of each internal

standard (101–107 copies/1 lL) was prepared and used to generate

Table 1 Sequences of primers used for quantitative RT-PCR analyses

Transcript Forward primer 5¢-3¢ Reverse primer 5¢-3¢

Pax4 5¢-AGATGTTCCAGTGACACCACA-3¢ 5¢-CACAGGAAGGAGGGAGTGG-3¢
Aanat 5¢-TGCTGTGGCGATACCTTCACCA-3¢ 5¢-CAGCTCAGTGAAGGTGAGAGAT-3¢
Pax6 5¢-AACAGCGACGAAAGAGAGGA-3¢ 5¢-CACTCTTTGAATAGAAGATCTCACACA-3¢
Gapdh 5¢-TGGTGAAGGTCGGTGTGAACGGAT-3¢ 5¢-TCCATGGTGGTGAAGACGCCAGTA-3¢

Aanat, arylalkylamine N-acetyltransferase; Gapdh, glyceraldehyde-3-phosphate dehydrogenase.
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standard curves; values were normalized per 1000 copies of

glyceraldehyde 3-phosphate dehydrogenase.

Northern blot analysis
Total RNA was prepared from frozen tissues using Trizol

(Invitrogen). Eight micrograms of total RNA was loaded per

lane in a 1% agarose/0.7 M formaldehyde gel and separated by

electrophoresis in a 1· 3-(N-Morpholino) propanesulfonic acid

(50 mM) buffer (Quality Biological, Gaithersburg, MD, USA).

Membrane transfer was performed in 20· saline sodium citrate

transfer buffer by use of the TurboBlotter system (Schleicher and

Schuell, Keene, NH, USA). DNA probes corresponding to

position 1–436 on rat Pax4 (NM_031799) and position 78–387

on rat glyceraldehyde-3-phosphate dehydrogenase mRNA

(BC059110) were generated as previously described (Rath et al.
2008) and labelled with 32P by random priming (Amersham

Biosciences, Piscataway, NJ, USA). Hybridization, imaging and

stripping of blots were performed as previously described (Rath

et al. 2006, 2008). Transcript sizes were determined by compar-

ison with standard RNA markers (Invitrogen).

Immunohistochemistry
Cryostat sections, 14 lm in thickness, were cut and mounted on

Superfrost Plus slides (Menzel, Braunschweig, Germany). For

blocking of endogenous peroxidase activity, the sections were pre-

incubated in 1% H2O2 in phosphate-buffered saline (PBS) for

10 min. Sections were washed in PBS for 3 · 5 min and incubated

in 5% normal swine serum diluted in PBS for 30 min. This was

followed by incubation in rabbit anti-Pax6 polyclonal antibody

(Millipore, Copenhagen, Denmark) diluted 1 : 500 in PBS with 1%

bovine serum albumin and 0.3% Triton X-100 for 16 h at 4�C.
Absorption control was performed by pre-incubating the diluted

antibody in the presence of 100 lg/mL blocking peptide (Millipore)

for 3 days at 4�C. Sections were washed 3 · 10 min in PBS with

0.25% bovine serum albumin and 0.1% Triton X-100 followed by

incubation for 1 h in biotinylated swine anti-rabbit IgG (Dako,

Glostrup, Denmark) diluted 1 : 500 in the same buffer. The sections

were washed 3 · 5 min in PBS with 0.1% Triton X-100 and

incubated for 45 min in ABC-Vectastain solution (Vector Labora-

tories, Burlingame, CA, USA) diluted 1 : 100 in the same buffer.

After washing for 2 · 5 min in PBS and 0.1% Triton X-100 and for

5 min in 0.05 M Tris (pH 7.6), chromogenic development was

performed in 1.4 mM diaminobenzidine and 0.01% H2O2 in 0.05 M

Tris (pH 7.6) for 15 min. The reaction was terminated by extensive

washing of the sections in deionized water. Finally, the sections

were dried and embedded in Pertex� (Histolab, Gothenburg,

Sweden).

Western blot analysis
Samples were homogenized in a 2· Laemmli buffer containing

72% (v/v) 155 mM Tris buffer (pH 8.3), 9% (w/v) sodium dodecyl

sulfate, 16 mM bromphenol blue, 18% (v/v) glycerol and 10% (v/v)

2-mercaptoethanol (0.1 g tissue/mL buffer). Samples were boiled

and centrifuged at 13 000 g for 1 h at 4�C. Protein content of the

supernatants was determined by use of the RC DC Protein Assay

(BioRad, Copenhagen, Denmark). A protein amount of 50 lg per

lane was run in a NuPAGE� Bis-Tris 12% Gel (Invitrogen,

Taastrup, Denmark) and transferred to a nitrocellulose membrane

by use of the XCell� Surelock Mini-Cell system (Invitrogen). The

membrane was blocked in 0.5% skim milk in PBS and incubated in

the same rabbit anti-Pax6 polyclonal antibody (Millipore) used for

immunohistochemistry, diluted 1 : 1000 in 0.5% skim milk in PBS

for 16 h at 4�C. Absorption control was performed by pre-

incubating the diluted antibody in the presence of 100 lg/ml

blocking peptide (Millipore) for 5 days at 4�C. The membrane was

washed in PBS and subsequently incubated in biotinylated swine

anti-rabbit IgG (Dako) diluted 1 : 500 in blocking solution for 1 h

and washed. Chromogenic development was performed as

described for immunohistochemistry. Protein size was estimated

by comparison with standard protein molecular weight markers

(BioRad).

Statistical analysis
Two-tailed Student’s t-test, one-way ANOVA, two-way ANOVA or

Tukey’s multiple comparison test were used for comparing means of

in situ hybridization signals (dpm/mg tissue) or the copy numbers

obtained by qRT-PCR. A p-value of <0.05 was considered to

represent a statistically significant difference.

Results

Expression of Pax4 in the developing retina
Pax4 mRNA was not detectable by radiochemical in situ
hybridization in the embryonic or neonatal retina (data not
shown). However, at postnatal day (P) 6, a weak signal was
observed in the outer part of the neural retina (Fig. 1;
Fig. S1); thereafter, a distinct signal was observed in the
outer nuclear layer and in the inner segments of the photo-
receptors (Figs 1 and 2). Accordingly, within the retina, Pax4
appears to be specifically expressed in the photoreceptor
cells. Densitometric quantification of Pax4 expression in the
developing retina (Fig. 3) revealed that expression changed
in a time-dependent manner (p < 0.01, one-way ANOVA): a
low transcript level detected at P6 was followed by an
increase thereafter, with maximal levels at P18 and P30
(p < 0.05, Tukey’s test).

Expression of Pax6 in the developing retina
Pax6 is known to be expressed in the murine retina (Walther
and Gruss 1991). We here compared the developmental
expression pattern of Pax6 to that of Pax4 in the rat retina
(Fig. 4; Fig. S1). At embryonic day (E) 16, Pax6 expression
was detected in the whole retina. During later embryonic
stages, the Pax6 mRNA became progressively restricted to
the inner part of the retina; from P6, retinal Pax6 mRNAwas
confined to the inner nuclear layer and the ganglion cell layer
(Figs 2 and 4). Non-retinal Pax6 mRNA was detected in the
cornea, lens and ciliary body (data not shown; Walther and
Gruss 1991; Koroma et al. 1997). Densitometric quantifica-
tion of Pax6 expression in the rat retina revealed develop-
mental differences in Pax6 mRNA levels (p < 0.0001,
one-way ANOVA) with a prenatal peak at E18 (p < 0.001,
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Tukey’s test) followed by a perinatal decline (Fig. 3).
Postnatally, lower but sustained Pax6 expression was
detected. Accordingly, retinal Pax6 expression exhibits an
inverse temporal relationship to that of Pax4 in this tissue.

Fig. 1 Ontogenetic expression of Pax4 in the rat retina. Radiochem-

ical in situ hybridization for detection of Pax4 mRNA in sections of the

rat retina. The last four stages, postnatal day 6 (P6), P12, P18 and

P30, of a developmental series ranging from embryonic day 16 (E16)

to P30 are presented. Left column: dark field photomicrographs of

hybridized sections dipped in a photographic emulsion. Right column:

bright field photomicrographs of the same hybridized sections. Pho-

tomicrographs of a section hybridized with a sense control probe are

provided in Fig. S1. GCL, ganglion cell layer; INL, inner nuclear layer;

ONL, outer nuclear layer; RPE, retinal pigment epithelium. Scale bar,

100 lm.

Fig. 2 Radiochemical in situ hybridization for detection of Pax4 (left)

and Pax6 mRNA (right) in the outer part of the neural retina of the rat

at postnatal day 30 (P30). The arrow indicates the positive hybrid-

ization signal in the inner segments of the photoreceptors in the sec-

tion hybridized for detection of Pax4 mRNA. Photomicrographs of a

section hybridized with a sense control probe are provided in Fig. S1.

Pax6 mRNA is not detected in the photoreceptor cells at P30. ONL,

outer nuclear layer; OPL, outer plexiform layer; PR, photoreceptors.

Scale bar, 20 lm.

Fig. 3 Densitometric quantification of in situ hybridization autoradio-

graphs of ontogenetic Pax4 and Pax6 gene expression in the rat ret-

ina. In the earliest stages, a Pax4 signal above background was not

detected (dotted line). Values on graphs represent the mean ± SEM of

three animals at each developmental stage examined. Significant

differences in Pax4 mRNA levels occurred during development (one-

way ANOVA, F3,8 = 14.2, p = 0.0015) with maximal levels detected at

postnatal day 18 (P18) and P30 (Tukey’s multiple comparison test, p-

values < 0.05). Significant differences in Pax6 mRNA levels during

development were also detected (one-way ANOVA, F10,21 = 130.8,

p < 0.0001) with maximal levels obtained at embryonic day 18 (E18)

(Tukey’s multiple comparison test, p-values < 0.001).
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The distribution of Pax6 protein in the developing rat
retina was examined by use of immunohistochemistry
(Fig. 5). In the early stages, uniform cellular staining of the

whole retina was detected (Fig. 5a); this was proceeded by a
gradual decline in staining intensity in the outer part of the
retina at later embryonic stages (Fig. 5b and c) followed by a
clear restriction of immunoreactivity to most of the cells of
the inner nuclear layer and the ganglion cell layer from P6
(Fig. 5d and e). Nuclear localization of the protein was
observed at all stages examined with a weak immunostaining

Fig. 4 Ontogenetic expression of Pax6 in the rat retina. Radiochem-

ical in situ hybridization for detection of Pax6 mRNA in sections of the

rat retina. Images of representative stages of a developmental series

ranging from embryonic day (E16) to postnatal day (P30) are dis-

played. Left column: dark field photomicrographs of hybridized sec-

tions dipped in a photographic emulsion. The bright line corresponding

to the inner segments of the photoreceptors on the P30 image is

because of an endogenous optic scattering of light in this layer and

does not represent a hybridization signal. Right column: bright field

photomicrographs of the same hybridized sections. Photomicrographs

of a section hybridized with a sense control probe are provided in

Fig. S1. GCL, ganglion cell layer; INL, inner nuclear layer; NR, neural

retina; ONL, outer nuclear layer; RPE, retinal pigment epithelium.

Scale bar, 100 lm.

(a) (b)

(c) (d)

(e) (f)

(g)

Fig. 5 Pax6 protein in the rat retina. (a–e) Immunohistochemical

analysis of Pax6 protein in the developing rat retina. Photomicro-

graphs of representative developmental stages, as indicated in the

upper right corner of each photomicrograph, are displayed. Note the

strong immunoreactivity in the nuclei of immunoreactive cells. (f)

Immunohistochemical pre-absorption control. GCL, ganglion cell layer;

INL, inner nuclear layer; NR, neural retina; ONL, outer nuclear layer;

RPE, retinal pigment epithelium. Scale bar, 100 lm. (g) Western blot

analysis of the presence of Pax6 protein in the retina and spinal cord of

adult rats killed at zeitgeber time (ZT6) and ZT18, respectively. The

right hand part of the blot displays a pre-absorption control. Rat Pax6

protein (NP_037133) has a predicted molecular weight of 46.8 kDa.

Arrows indicate molecular weight markers. P, postnatal day; E,

embryonic day.
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of the cytoplasm. Western blot analysis further revealed the
presence in retinal extracts of an immunopositive band (c.
50 kDa) similar to the predicted mass of Pax6 protein
(46.8 kDa; Fig. 5g).

Pax4 exhibits a diurnal rhythm in the adult retina
We investigated whether Pax4 expression exhibits a 24-hour
rhythm in the retina using in situ hybridization combined
with densitometric quantification. This effort revealed a day-
night difference in retinal Pax4 expression levels with
highest levels of mRNA during daytime (p < 0.001, two-
tailed Student’s t-test; Fig. 6a, b and e); a day-night ratio of
3.7 ± 0.5 was detected (Fig. 6e). It has been found that
removal of the superior cervical ganglia abolishes the day-
night rhythm in pineal Pax4 expression (Rath et al. 2008). In
contrast, the diurnal pattern of Pax4 expression in the retina

(a) (b)

(c) (d)

(e)

(f)

(g)

Fig. 6 Diurnal expression of Pax4 in the retina of the adult rat. (a–e)

Quantitative radiochemical in situ hybridization analysis of a diurnal

variation in expression of Pax4 in the retina of the adult rat housed

under a 12 : 12 (light : dark) schedule. (a) Autoradiograph of a section

of the eyeball from an animal killed at midday zeitgeber time (ZT6). (b)

Autoradiograph of a section of the eyeball from an animal killed at

midnight (ZT18). (c) Autoradiograph of a section of the eyeball from a

superior cervical ganglionectomized animal killed at midday (ZT6). (d)

Autoradiograph of a section of the eyeball from a superior cervical

ganglionectomized animal killed at midnight (ZT18). (e) Densitometric

quantification of Pax4 mRNA in the rat retina. Values on the bar graph

represent the mean ± SEM of four animals in each experimental

group. Time of sampling was found to significantly influence retinal

Pax4 mRNA levels (two-way ANOVA, F1,12 = 102.5, p < 0.0001),

whereas an effect of surgery was not detected (two-way ANOVA,

F1,12 = 2.3, p = 0.15). Pair-wise comparison revealed a significant

difference in retinal Pax4 expression between day and night in intact

animals (two-tailed Student’s t-test, t6 = 7.7, p = 0.00025) and in

ganglionectomized animals (two-tailed Student’s t-test, t5 = 5.6,

p = 0.0024). (f) Quantitative RT-PCR analysis of diurnal expression of

Pax4 and Aanat in the retina of adult rats housed under a 14 : 10 light/

dark schedule. Nine animals were killed at each of six time points

throughout the 24-hour period. Values on graphs represent the

mean ± SEM of three different pools of retinae at each time point.

Pax4 mRNA levels changed significantly during the 24-hour period

(one-way ANOVA, F5,12 = 15.9, p < 0.0001) with transcript levels at ZT7

being higher than levels at ZT19 (two-tailed Student’s t-test, t4 = 4.4,

p = 0.012). Aanat mRNA levels changed significantly during the 24-

hour period (one-way ANOVA, F5,12 = 33.1, p < 0.0001) with levels at

ZT19 being higher than levels at ZT7 (two-tailed Student’s t-test,

t4 = 7.2, p = 0.002). (g) Northern blot analysis of Pax4 expression in

the retina of adult rats housed under a 14 : 10 light/dark schedule.

Four to five animals were killed at each time point (ZT7, ZT13, ZT19

and ZT23). Arrows on the upper image indicate molecular weight

markers. The lower image displays the same blot hybridized for

detection of Gapdh mRNA. **p < 0.01; ***p < 0.001. Scale bar, 1 mm.

Gapdh, glyceraldehyde-3-phosphate dehydrogenase; Aanat, aryl-

alkylamine N-acetyltransferase; SCGx, superior cervical ganglionec-

tomy.
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was not influenced by this surgery (p > 0.05, two-way
ANOVA; Fig. 6c–e).

The daily expression pattern of Pax4 was examined in
detail using qRT-PCR. This analysis confirmed diurnal
changes in retinal Pax4 mRNA levels (p < 0.001, one-way
ANOVA; Fig. 6f); an increase in Pax4 mRNA levels occurred
in the retina during the light period, whereas expression
declined gradually during the dark period (Fig. 6f). For
comparison, the arylalkylamine N-acetyltransferase (Aanat)
mRNA levels were determined (Fig. 6f); Aanat mRNA
encodes the penultimate enzyme in melatonin synthesis and
is known to exhibit a large increase in expression at night in
the retina (Sakamoto and Ishida 1998). Comparing mid-day
and midnight values confirmed that Pax4 mRNA levels were
highest at daytime (p < 0.05; two-tailed Student’s t-test),
whereas Aanat levels were highest during the dark period
(p < 0.001; two-tailed Student’s t-test): These results show
that diurnal expression patterns of Pax4 and Aanat are out of
phase (Fig. 6f).

Using northern blotting, we confirmed that the daily rhythm
in Pax4 mRNA revealed by qRT-PCR reflected daily changes
in a 1.3 kb Pax4 transcript (Fig. 6g). This size corresponds to
full-length Pax4 mRNA, referred to as Pax4a (Tokuyama
et al. 1998). Diagnostic reverse transcription-PCR confirmed
the presence of Pax4a mRNA and also the truncated isoform
Pax4c in rat retina (Fig. S2; Table S1); however, Pax4c
mRNAwas not detected by northern blot analysis suggesting
that Pax4a is the major isoform in the retina.

In contrast to the rhythmic nature of Pax4, daily changes
in the abundance of retinal Pax6 mRNAwere not detected by
in situ hybridization (p > 0.05, two-tailed Student’s t-test;
Fig. 7a–c) or by qRT-PCR (p > 0.05, one-way ANOVA;
Fig. 7d). This is in agreement with the presence of similar
levels of Pax6 protein in daytime and night-time retinal
extracts (Fig. 5g).

Discussion

The results presented here represent the first demonstration
of Pax4 expression in retinal photoreceptor cells. The
finding that Pax4 expression is highest in the adult argues
against a role in development, as is the case with Pax6.
Rather, it would appear that Pax4 may play a role in
regulating gene expression in the mature photoreceptor. The
developmental appearance of Pax4 mRNA is coincident
with that of genes required for core photoreceptor functions,
e.g. photoreception and transduction (Ho et al. 1986;
Treisman et al. 1988; Gonzales-Fernandes and Healy
1990; Babila et al. 1992; Cepko 1996; Morrow et al.
1998). A post-developmental role of Pax4 is further
supported by the temporal correlation between the retinal
appearance of Pax4 at the end of the first postnatal week
and the dramatic increase in the proportion of postmitotic
photoreceptor cells during the first postnatal week in the

rodent retina (Alexiades and Cepko 1996; Cepko et al.
1996; Livesey and Cepko 2001). Interestingly, photorecep-
tors with adult morphology and functional synapses appear

(a)

(c)

(d)

(b)

Fig. 7 Daily expression of Pax6 in the retina of the adult rat. (a–c)

Quantitative radiochemical in situ hybridization analysis of a diurnal

expression of Pax6 in the retina of the adult rat housed under a 12 : 12

light/dark schedule. (a) Autoradiograph of a section of the eyeball from

an animal killed at mid-day zeitgeber time (ZT6). (b) Autoradiograph of

a section of the eyeball from an animal killed at midnight (ZT18). Scale

bar, 1 mm. (c) Densitometric quantification of Pax6 mRNA in the rat

retina. Values on the bar graph represent the mean ± SEM of four

animals in each group. No day-night differences were detected (two-

tailed Student’s t-test, t6 = 0.12, p = 0.91). (d) Quantitative RT-PCR

analysis of daily expression of Pax6 in the retina of the adult rat

housed under a 14 : 10 light/dark schedule. Values on graphs repre-

sent the mean ± SEM of three different pools of three retinae at each

time point. For comparison, the daily pattern of Pax4 expression is

shown (dashed line). Diurnal differences in Pax6 expression were not

detected in the retina (one-way ANOVA, F5,12 = 0.66, p = 0.66).
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during the second and third postnatal week in the rat retina
(Weidman and Kuwabara 1969), at which time the retinal
Pax4 expression reaches a plateau at maximal levels.

The developmental pattern of Pax4 expression in the retina
is in marked contrast to that in the pancreatic islet, in which
the gene is strongly expressed only in early development
(Smith et al. 1999; Wang et al. 2004). On the other hand, the
developmental pattern of retinal expression of Pax4 is
generally similar to that in the pineal gland (Rath et al.
2008). Therefore, it appears that even though Pax4 has a
developmental role in the pancreas in cell fate determination
(Sosa-Pineda et al. 1997), this may not be the case in the
retina and pineal gland, because it is not expressed early in
development. Rather, the late appearance is more in line with
a primary role in the differentiated pinealocyte and photo-
receptor cell. As indicated in the introduction, these tissues
express the same homeobox genes, including Otx2 and Crx
(Bovolenta et al. 1997; Chen et al. 1997; Rath et al. 2006,
2007), which are also expressed in the adult (Rath et al.
2006, 2007). In this light, the Pax4 findings support the view
that homeobox genes in general may not be exclusively
dedicated to developmental events, and adds to an emerging
field of homeobox genes in the adult with high expression in
tissues undergoing frequent renewal such as the gastrointes-
tinal tract (reviewed by Morgan 2006); however, neuronal
tissues, e.g. the retina and the pineal gland, are not
characterized by continuous proliferation and maturation.
In these tissues, homeobox genes may be required to
maintain phenotype and normal function in the mature cell.
It is of interest to note that a function for retinal Otx2 protein
in the adult has recently been documented (Sugiyama et al.
2008); in this case, the homeoprotein has been shown to be
transported trans-synaptically to the visual cortex, where it
facilitates postnatal plasticity of a neural circuit.

The postnatal expression of Pax6 in amacrine cells and
ganglion cells of the rat retina confirms previous studies in
the mouse (Jones et al. 1998) and human (Stanescu et al.
2007). Even though, the Pax6 gene is not expressed in
mature photoreceptors, as is the case with Pax4, these data
also suggest a potential role of Pax6 in maintaining the
phenotype of mature neurons of the inner retina. Notably, the
differential expression of Pax4 and Pax6 in the retina partly
mirrors the situation in the pancreatic islet, in which Pax6 is
expressed in several endocrine cells, whereas in the mature
pancreas, Pax4 is acting at low levels specifically in the b-
cells (Brun and Gauthier 2008). As indicated above, Pax4 is
known to suppress Pax6 transactivating functions in pancre-
atic gene expression (Campbell et al. 1999; Fujitani et al.
1999; Kalousová et al. 1999; Smith et al. 1999; Petersen
et al. 2000). As Pax6 is involved in maintenance of
multipotent photoreceptor progenitors (Marquardt et al.
2001), this leads us to speculate that Pax4 could actively
suppress this Pax6-dependent state in the postnatal photore-
ceptor thereby promoting the fully differentiated phenotype.

In the retina, Pax4 expression exhibits a marked diurnal
rhythm with high transcript levels during daytime, but it
remains to be establishedwhether rhythmicPax4 expression is
translated into rhythmic changes in Pax4 protein. If this is the
case, it would seem reasonable to pursue the possibility that
Pax4 plays a 24-hour suppressive role to the dynamic daily
changes in retinal gene expression in view of the evidence that
Pax4 is known to act as a transcriptional repressor (Smith et al.
1999); however, studies on Pax4 protein are currently
hindered by the unavailability of useful anti-sera.

We recently found that pineal Pax4 expression exhibits a
similar diurnal rhythm with low night-time transcript levels in
the pineal gland; this nocturnal suppression is mediated by
sympathetic stimulation of gland acting via a cAMP-depen-
dent mechanism (Rath et al. 2008). In general, daily rhythms
in the pineal gland are driven by the endogenous circadian
clock of the suprachiasmatic nucleus from which a multisy-
naptic neural circuit controls nocturnal release of norepi-
nephrine from sympathetic nerves in the gland (Klein et al.
1971; Møller and Baeres 2002). The finding here that diurnal
Pax4 expression in the retina is not influenced by removal of
the sympathetic input to the head is predictable, because the
light-sensitive part of the retina, pars optica retinae, is not
innervated by the sympathetic nervous system; rather, this
rhythm is controlled by an intrinsic circadian clock driving
retinal circadian oscillations (Tosini and Menaker 1996;
Iuvone et al. 2005; Tosini et al. 2008). However, the
presented data are not incompatible with the possibility that
light directly influences daily changes in Pax4 expression.
Pineal/retinal differences in molecular regulation of rhythmic
gene expression have been reported for Aanat in the rat retina;
rhythmic expression of this gene seems to reflect the action of
the retinal circadian clock mediated via E-box elements in the
Aanat promoter (Chen and Baler 2000); accordingly, it will
be of interest to determine whether a similar mechanism is
also involved in circadian expression of Pax4 in the retina.
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